however, whether these putative kinases have a role in the mitotic checkpoint has not been determined. To test this, we have now isolated the Xenopus Mps1 homolog and found it to be a kinetochore-associated kinase that is necessary to establish and maintain the checkpoint at a very early step in vertebrate mitotic checkpoint signaling, including the recruitment to kinetochores of CENP-E. kinase activity (to be referred to as kinase dead KDmaintenance of meiotic arrest that is insensitive to CSF destruction, continued stabilization of cyclin B and cdc2 Mps1). Using purified recombinant Mps1 protein as a quantitation standard, endogenous Mps1 was found to kinase activity (assayed on histone H1), and absence of chromatin decondensation and nuclear reformation. be ‫05ف‬ nM in the Xenopus extracts (by immunoblotting using antibody at kinetochores would have been detected by specifically in checkpoint signaling, position of XKCM1, another known kinetochore component (Walczak et al., the secondary antibody used to visualize CENP-E-1996), was determined. As shown in Figure 5A (right Figure 4B, row d) . Altogether, these results suggest that panels), whether Mps1 is present or absent from these Mps1 association with kinetochores is necessary to extracts, XKCM1 localizes to the kinetochores normally, maintain checkpoint activation in response to spindle suggesting that the lack of CENP-E, Mad1, and Mad2 damage through its requirement for continued CENP-E recruitment to kinetochores in Mps1-depleted extracts and Mad2 binding at kinetochores.
does not occur from a failure of kinetochore assembly. Altogether, these results suggest that Mps1 is necessary Mps1 Activity Recruits CENP-E and Mad1/Mad2 for specifically targeting CENP-E (and subsequently to Kinetochores Mad1 and Mad2) to the kinetochore. To determine the mechanism through which the abTo determine whether in Mps1-depleted extracts, the sence of Mps1 might prevent kinetochore-dependent checkpoint suppression was a direct consequence checkpoint signaling, chromosomes in mock-depleted solely of the loss of Mps1 function, Mps1 linked to GST or Mps1-depleted egg extracts were examined for Mad2 was purified from insect cells infected with a baculovirus and Mad1 association with kinetochores, which has encoding full-length Xenopus Mps1 (see Figure 1C, restored the checkpoint to Mps1-depleted extracts (as To rule out the possibility that Mps1 activity was necassayed by histone H1 kinase activity - Figure 5B, lanes  7-9) . On the basis of the apparently complete restoration essary for basic centromere assembly rather than more at the immunofluorescence level and the partial one at Altogether, these results strongly suggest that Mps1 is required to establish and maintain the mitotic checkthe level of histone H1 kinase activity, we believe that the absence of checkpoint in Mps1-depleted extracts point by facilitating CENP-E, Mad1, and Mad2 recruitment to the kinetochores. truly reflects Mps1 depletion and not the depletion of some associated partners. However, to fully resolve this issue, we determined whether Mps1 depletion affected Mps1 Kinase Activity Is Required to Activate the Checkpoint the levels of other checkpoint components. As shown in Figure 5D (lanes 2 and 5) Figure  5D, lanes 3 and 6) .
Mps1 levels in rows a and c). However, kinetochore We have shown here that a vertebrate Mps1 is a kinetochore-associated kinase that is essential for activation H1 kinase activity ( Figure 6B, compare a-c) . Moreover, KD-Mps1 dominantly disrupted checkpoint signaling and maintenance of kinetochore-dependent mitotic checkpoint. Mechanistically, its action must be upeven when added to levels similar to that of the endogenous Mps1 (see Figure 6C , b): under these conditions, stream of the diffusible Mad2 inhibitory complex since the loss of checkpoint signaling can be overcome in a neither Mad1 nor Mad2 were recruited to kinetochores ( Figure 6A, row b) and histone H1 kinase activity was kinetochore-independent manner by high levels of added Mad2. Furthermore, we have shown that kinase not maintained after release from CSF ( Figure 6B, b) .
Despite disruption of kinetochore signaling, the domiactivity of Mps1 is required to activate the checkpoint, probably by recruiting Mad1 and Mad2 and a normal nant KD-Mps1 did stimulate CENP-E association with kinetochores in a dosage-dependent manner: addition amount of CENP-E to kinetochores. Previously, kinetochore bound CENP-E had itself been shown to be reto Mps1-depleted extracts of the KD-Mps1 mutant to half the normal level of Mps1 ( Figure 6C, row c) resulted quired for efficient association of the Mad1/Mad2 complex with unattached kinetochores (Abrieu et al., 2000) , in a reduced level of CENP-E at kinetochores ( Figure  6A, row c) , while close to normal levels of CENP-E were so the simplest view is that Mps1 activity may be required to control CENP-E recruitment and activation at kinetochore bound when KD-Mps1 levels were increased above normal levels ( Figures 6A and 6C, rows the kinetochores. This implies that Mps1 acts upstream of CENP-E (modeled in Figure 7) . At a minimum, it is d). In contrast, subnormal levels of WT-Mps1 yielded full recruitment of CENP-E to the kinetochores (Figures clear that since CENP-E, Mad1, and Mad2 remain in Mps1-depleted extracts but do not target to unattached 5A, last row, and 5C). Thus, while not strictly required to recruit CENP-E to the kinetochores, the kinase activity kinetochores, none of them can be activated without some Mps1 kinase-dependent event, albeit we do not of Mps1 facilitates more efficient CENP-E binding. rectly.
In yeast, checkpoint arrest has been correlated to Possible Mechanisms of Action of Mps1 in the
Mad1p hyperphosphorylation (i.e., retarded mobility on Kinetochore-Dependent Checkpoint gels), and Mps1p seems to be, at least in vitro, the kinase How does Mps1 govern CENP-E and thus Mad1/Mad2 responsible for this modification (Hardwick et al., 1996). kinetochore association? Since Mps1 is a kinase, a plauHowever, the significance of Mad1p hyperphosphorylasible way by which Mps1 could modulate CENP-E kinettion remains unknown and in the Xenopus system Mad1 ochore association would be by phosphorylation. Inhyperphosphorylation has not been observed under deed, we have shown that Mps1 kinase activity is fully checkpoint conditions (Chen et al., 1998). Additionally, required for Mad1 and Mad2 recruitment to the kinetowe are not able to detect any Xenopus Mad1 hyperphoschores, and partially required for CENP-E to be kinetophorylation by Mps1 in vitro (not shown). chore localized, since some CENP-E (but not normal Like CENP-E, Mps1 is found here not only to be assolevels) binds to kinetochores in the absence of Mps1 ciated with unattached kinetochores, but also remains kinase activity (but not in the absence of Mps1 protein).
on already aligned chromosomes. Thus, Mps1 kinetoHowever, we do not know if the CENP-E recruited to chore association cannot be dependent on attachment the kinetochore by the KD-Mps1 is active in microtubule status. From this, one could speculate that Mps1 may capture or whatever role CENP-E plays in initiating checkplay at least two roles. One is to insure the presence of point signaling. Indeed, we have already shown that transducer proteins (e.g., CENP-E) on unattached kinetwhen CENP-E antibody is added to extracts, CENP-E ochores (where the checkpoint would normally be on), can be present at kinetochores in an "inhibited" conforthus delaying anaphase. The other could be to insure the mation (e.g., Abrieu et al., 2000; Figure 4B , c), unable to presence of CENP-E, itself necessary for chromosome promote recruitment of Mad2. Thus, the most plausible congression, on attached chromosomes (checkpoint possibility is that some CENP-E is recruited to a large off), thus facilitating congression and possibly anaphase kinetochore complex that includes Mps1, with Mps1 movement as well. Indeed, in in vitro assembled spinkinase activity required to stabilize this association of dles, CENP-E does not localize to the kinetochores in CENP-E at the kinetochores (Figure 7) . Further action Mps1-depleted extracts (not shown). (The degree to of the Mps1 kinase acting on CENP-E and/or other kinetwhich deficits in Mps1 result in congression and in anaochore substrates is necessary for facilitating Mad1 and phase defects remains to be determined.) Mad2 recruitment at the kinetochore.
Finally, the requirement of Mps1 to recruit CENP-E at Resolving further this issue will necessitate identifying the kinetochore must be fairly specific since removal of direct substrates of Mps1 and/or identifying the direct Mps1 does not prevent XKCM1, another member of the target(s) of CENP-E action (including its likely influence kinesin family, from kinetochore localization ( Figure 5A ; on activity of the checkpoint kinase BubR1). We have no data not shown in noncheckpoint conditions). This evidence that Mps1 and CENP-E do associate directly in strongly diminishes the possibility that Mps1 comproa complex either before ( Figure 5D ) or after checkpoint mises the checkpoint simply by preventing kinetochore activation (not shown), albeit it remains a possibility that assembly, thereby leaving the most plausible explanasuch an interaction could exist and that we have failed tion that Mps1 is directly or indirectly regulating CENP-E to detect it because it reflects only kinetochore bound recruitment at the kinetochores. Mps1 and CENP-E, which might be a small fraction of each that is present in the extracts. Consistent with this, recombinant CENP-E can be weakly phosphorylated by
Mps1 and Multiple Steps in the Checkpoint
An appreciation has emerged from a flurry of efforts in recombinant WT-Mps1, but not KD-Mps1. Another possibility is that Mps1 and CENP-E do not interact directly, the past two years that the mitotic checkpoint pathway, nonimmune rabbit IgG were bound for 30 min to 100 l Dynal beads protein A, and then added to 100 l of CSF egg extracts for 1 hr at Immunization Procedures, Antibody Production, 4ЊC. For Figure 5D , beads were gently washed three times with PBS Immunoprecipitation, and Immunoblotting and then analyzed by immunoblot. For antibody addition experiRabbit polyclonal antibody anti-CP was generated against a peptide ments, affinity-purified antibodies or nonimmune rabbit IgG were (C-GTTVSQNTRTTK) (the cysteine was used for coupling) correadded to CSF egg extracts at 100 g/ml. sponding to the C-terminal sequence of the Mps1 protein (residues 870 to 882). Antibody anti-NP was produced to the peptide (C-MDD In Vitro Cyclin B1 Degradation EDISERKLKIA) corresponding to the N-terminal sequence (residues 1 l of ( 35 S)-methionine-labeled human cyclin B1 from in vitro transla-1 to 14). Peptides were coupled to thyroglobulin using m-maleimidotion was added to 20 l of CSF egg extracts. At the indicated time benzoyl-N-hydroxysulfosuccinimide ester (Pierce) for immunization points, 2 l reactions were stopped by adding Laemmli buffer, and to immobilized bovine serum albumin for affinity purification.
loaded into a denaturating gel, and analyzed by autoradiography. Antibody anti-NTD was generated to a GST fusion protein corresponding to the N-terminal domain of the Mps1 protein (residues 1 Immunofluorescence to 626). Purified fusion protein was used to immunize rabbits and Immunofluorescence with Xenopus extracts was performed as presera were depleted of reactivity against GST by passage over a viously described (Wood et al., 1997) except that spindles were GST column, and then affinity-purified on immobilized Mps1 fusion prefixed for 10 min with 2% formaldehyde before centrifugation onto protein.
coverslips (Figure 2 ). For Mps1/CENP-E and Mad1/Mad2 costaining For immunoprecipitation (Figure 1B) , CSF egg extracts were diexperiments (Figures 5 and 6 ), the structures were prefixed for 10 luted with RIPA buffer (10 mM NaH 2 PO 4 , 300 mM NaCl, 50 mM NaF, min with 1% formaldehyde. Anti-X-Mad2 antibody was raised and 80 mM Na ␤-glycerophosphate, 5 mM EDTA, 0.5% Na deoxycholate, purified as described (Abrieu et al., 2000). Anti-XKCM1 was a gift 1% Triton X-100) and incubated for 1 hr at 4ЊC with affinity-purified from C. Walczak. CENP-E was detected using anti-tail CENP-E polyantibodies previously bound to protein A-Sepharose beads. Immuclonal affinity-purified antibodies (Wood et al., 1997). Initial experinoprecipitates were washed three times with RIPA and twice with ments for Mad1 were done with antibody to Xenopus Mad1 provided 50 mM Tris (pH 7.5).
as a generous gift of R.H. Chen. Subsequent efforts were performed Immunoblots were blocked with TBS (20 mM Tris [pH 8], 150 mM with an affinity-purified rabbit polyclonal antibody raised against a NaCl) containing 5% nonfat dried milk and probed with affinitybacterially produced GST fusion with Xenopus Mad1. purified primary antibodies for 1 hr at room temperature in TBS Anti-CENP-E and anti-Mad2 antibodies were labeled with biotin-0.05% Tween. Primary antibodies were visualized using the ECL kit (long arm)-NHS (Vector Laboratories) and detected using avidin-(Amersham, Figures 1 and 3 
